In the continuous-slowing-down approximation, the csda range of a particle slowing down from an initial energy To to a final energy T r is calculated from the expression (7.1)
where m /M is the ratio of the electron mass to the mass of the projectile, and L is the stopping number in Eq. (2.1). For protons, m/M -1/2000 and L typically lies between 1 and 10, so that the difference between Say and ro is very small and can be disregarded for all practical purposes. Treatments of ranges and range straggling at lower speeds where the nuclear stopping power is appreciable are given by Lindhard et al. (1963) .
The csda ranges of particles with the same velocity, but with different masses and charge numbers, are related by scaling laws. Let rOl and r02 be the ranges of particles with masses M 1 and M 2 and charge numbers 69 Zl and Z2. The relation between the ranges is r02(f3) M2 (Zl)2 rOl ({3) = Ml .;; Fcorr(f3)· (7.3) At high energies, the correction factor Fcorr(f3) is quite close to unity, and Eq. (7.3) is then a true scaling relation. F cor r<(3) takes into account the minor or moderate deviations from scaling that arise due to the Barkas correction and the contribution of the nuclear stopping power to the total stopping power, and the major deviations from scaling that arise from differences in respect to the effective charge of the particles whose ranges are compared. As an example, corrections factors pertaining to alpha-particle / proton range ratios are shown in Fig. 7 .2. The correction factors F cor r<f3) for water and gold are plotted as functions of the scaled energy variable (u/M)T, which is proportional to f32 (u is the atomic mass unit, and M the mass of the particle). It can be seen that Fcorr(f3) approaches unity above 1 MeV, but becomes as large as 2 at low energies. This large rise is mainly due to the fact that the effective charge of protons remains constant and equal to the nominal charge, whereas the effective charge of alpha particles becomes much smaller than the nominal charge.
When using the tabulated csda ranges to estimate the penetration of protons or alpha particles with very high initial energies, one must take into account that there is a non-negligible chance that the particles will undergo nuclear interactions that may result in large energy losses and deflections. In effect, the particles may be lost from a beam due to such events. Janni (1982a Janni ( , 1982b , in his compilation of stoppingpower and range data for protons, tabulated the probability P nuc(ro) that a proton with initial csda range ro will undergo at least one nonelastic nuclear interaction in the course of slowing down to rest. Similar tabulations for high-energy helium nuclei are not yet available. Janni's results can be used to obtain the probability Pnuc(s, ro) that a proton with initial csda range ro will have at least one nuclear interaction in a path length s. The probabilities P nuc (ro) and Pnuc(s, ro) are related by the equation (7.4) which follows from the statistical independence of the occurrence of nuclear interactions in different path segments. Illustrative values of Pnuc(s, ro) obtained with Eq. (7.4) are given in Table 7 .1 for protons with initial energies from 100 to 1000 MeV, for various path lengths from 1 to 100 cm. 
Range Straggling
The path length s which a particle travels in the course of slowing down to rest is a stochastic quantity, and fluctuates around the mean value Say' If one takes into account only energy losses from inelastic collisions with atomic electrons, the variance of the path-length distribution is given by where [}2(T) is the variance for energy-loss straggling defined by Eq. (6.2). Sternheimer (1960) made extensive calculations of var(s) for protons and mesons, evaluating [}2 with approximate atomic-binding corrections according to Livingston and Bethe (1937) . In Figure 7 .3, Sternheimer's results for the percentage straggling, 100vvar(s)/ro, are shown for protons in a few materials.
Methods for calculating not only the mean and variance, but also higher moments of the path-length distribution, and for calculating the distribution from its moments, have been developed by Lewis (1952) and by Fano (1953) . The path-length distribution differs somewhat from a Gaussian, and is skewed, with a tail toward shorter-than-average path lengths. The most probable path length is slightly longer than
Detour Factors
Csda ranges or average path lengths are usually not accessible to direct observation, unless a track-visualization device such as a photographic emulsion or bubble chamber is used. Often, a more useful quantity is the projection of the range on initial direction of the particle track. Such projected ranges were the subject of a comprehensive treatment by Lindhard et at. (1963) , and were discussed by Fano (1963) with reference to the Bethe energy region.
Let X denote the obliquity angle between the particle's direction of motion and the z-axis. Assume that the particle starts out from position z = 0 in the direction of the z-axis. Let Zf be the final z-coordinate when the particle has slowed down to rest. The expectation value of Zf is denoted as Zav and is called the average penetration depth. Due to the wiggliness of the particle track caused by multiple elastic scattering, Zav is smaller than the mean path length Say' The ratio zav/ Say (practically equivalent to zavlro) is called the detour factor.
According to the theory of multiple scattering (Goudsmit and Saunderson, 1940; Lewis, 1950) , the cosine of the obliquity angle X, initially equal to unity, In Eq. (7. 7), ~ is the deflection angle in the laboratory system, and must be expressed in terms of 7.3 Detour Factors . .. 75 the angle 0 in the center-of-mass system: cos OL = (cos 0 + M /M t )[(M/M t )2 + 2(M/M t ) cos 0 + cos 2 0]-112. (7.8) The average penetration depth is obtained as an integral over the mean deflection cosine, Zav = f TO (cos x(T o ~ T» )av Tr [Scol(T ) + Snuc(TW l dT . (7.9) Detour factors zavlro are shown in Figure 7 .4 for protons and alpha particles in a few elements and compounds. They are given in the Main Tables for all  materials. 
